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THE EFFECT OF PHLORIDZIN ON THE MORTALITY 
FROM INSULIN HYPOGLYCAEMIA IN MICE 
by 
A. B. ANDERSON 


‘From the Darling Laboratories of Physiology and Biochemistry, University of 
Adelaide). 


(Submitted for publication 22nd December, 1923.) 


Previous experiments (3) in which Insulin was administered to phlorid- 
zinized mice appeared to indicate that Phloridzin increases their tolerance for the 
hypoglycaemia produced by Insulin. The following investigations were under- 
taken to ascertain whether Phloridzin has any definite effect upon the mortality 
from over-doses of Insulin. 

Phioridzin was administered to a number of healthy young mice, averaging 
21 grams in weight, and the animals were thereafter starved for 24 hours. A 
similar number of normal mice were starved for 24 hours and employed as 
controls. 

Insulin was then administered subcutaneously to both the phloridzinized and 
the normal mice. Three different dosages of Insulin (see table which follows) 
were administered. 

Ali the animals went into deep coma, with convulsions at intervals, and in 
some cases displayed the deep convulsive inspirations symptomatic of ‘‘air- 
hunger.’’ Death resulted much sooner in the normal than in the phloridzinized 
animals, in which it was often greatly delayed, more than half the animals 
recovering. 

As will be seen from the table of experimental results, only one out of 
fourteen normal animals survived, while eight out of fourteen phloridzinized 
animals recovered. Of the five phloridzinized mice which received the smallest 
dose of Insulin, all survived, while only one of the corresponding controls 
recovered. Food was not given to the animals until 20 hours after the adminis- 
tration of Insulin. 

The ‘‘antagonization’’ of the toxicity of Insulin by Phloridzin might be 
explained by the hypothesis that the Phloridzin breaks up, to some extent. a 
glucose-complex in the blood, the synthesis of which is accomplished or accelerated 
by Insulin, and that it is this glucose-complex which is oxidized, or removed in 
some manner, causing the hypoglycaemia which normally succeeds the adminis- 
tration of over-doses of Insulin. 

That Phloridzin produces some impairment of the sugar-burning mechanism 
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has been suggested by Nash and Benedict (2). Loewi (1) has put forward the 
theory that the action of Phloridzin in normal animals is to split a combined 
form of glucose, the free glucose being eliminated by the kidney. However, no 
very definite explanation of the phenomenon can as yet be offered, in view of our 
present very imperfect knowledge of the nature of the normal blood-sugar. 


EXPERIMENTAL RESULTS. 


INFLUENCE OF PHLORIDZIN UPON THE MORTALITY DUE TO OVERDOSAGE OF INSULIN. 


Normal, starved 24 hours. Phloridzin 16 mg., starved 24 hours. 
Insulin Insulin 
Mouse Wt. Keg. Rabbit Results. Mouse Wt. Kg. Rabbit Results. 
No. gm. Units. No. gm, Units. 
1 21 0:20 died in 4 hrs. 2 20 0-20 died next day. 
3 22 0-20 died in 4 hrs. 4 19-5 0-20 died next day. 
20-5 0-20 died in 4 hrs. 6 21:5 0-20 Convulsions, but 
recovered. 
i 18:5 0-20 died in 2 hrs. 38 19 0:20 died in 2 hrs. 
9 20-5 0-166 died in 2 hrs. 22 0-166 died in 5 hrs. 

1] 21 0-166 died in 2 hrs. 12 24-5 0-166 Convulsions and 
coma, but re- 
covered. 

13 20-5 0-166 died in 34 hrs. 14 21 0-166 died in 33 hrs. 

15 21 0-166 died in 2 hrs. 16 21 0-166 died in7 hrs. 

17 18 0-166 died in 2 hrs. 18 21-5 0-166 Coma and con- 
vulsions, but 
recovered. 

19 22 0-10 ~~ died in 3 hrs. 20 21:5 0-10 Coma and con- 
vulsions, but 
recovered. 

21 19-5 0-10 ~~ died in 2 hrs. 22 22-5 °0-10 Coma and con- 
vulsions, but 
recovered. 

23 20-5 0-10 Coma and con- 24 21 0-10 Coma and_ con- 
vulsions, but vulsions, but 
recovered. recovered. 

25 19-5 0-10 died in3 hrs. 26 21 0-10 Coma and con- 

vulsions, but 
recovered. 


27 19 0-10 died in 5 hrs. 28 19°: 


Coma and con- 
vulsions, but 
recovered. 


‘ 


EFFECT OF PHLORIDZIN 3 
CONCLUSION. 


Phloridzin, in some manner which is yet to be explained, decreases the 
mortality from Insulin hypoglycaemia, but has no effect on the convulsions 
and other physical symptoms which accompany this hypoglycaemia. 


REFERENCES. 
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THE SUBSTITUTION OF TAURINE FOR CYSTINE 
IN THE DIET OF MICE 
by 
MITCHELL 


M 


‘From the Darling Laboratories of Physiology and Biochemistry, University of 
Adelaide). 


(Submitted for publication 15th January, 1924.) 


There is no doubt that the Taurine which is produced by animals, and 
which oceurs in vertebrates chiefly in the form of Taurocholie acid, is ultimately 
derived from Cystine. The question whether animal tissues are able to 
accomplish the reversion of this transformation and convert Taurine into 
Cystine has not yet been directly investigated, although the indirect evidence 
constituted by the fact that Taurine and Cystine pursue separate paths of 
metabolism in the body, would appear to indicate that Taurine is not capable 
of transformation into Cystine under normal dietary conditions (4, 5). 

The following experiments were undertaken with the object of investigat- 
ing this question. 

It has been shown by Osborne and Mendel (3) that the presence of Cystine 
in the diet is necessary for the growth of young animals. This observation was 
confirmed, and the effect of added Cystine in rendering the diet adequate for 
growth was compared with the effect of an equivalent addition of Taurine. 

A number of mice of from four to five weeks of age were divided, without 
selection, into three sets. One set, fed upon a synthetie diet which contained 
sufficient Cystine to permit growth (15 per cent. Casein) was employed as a 
control. The mice in the other two sets were fed upon a Cystine-deficient diet 
(9 per cent. Casein), to which Taurine and Cystine were respectively added at 
various intervals. 

The diet adopted was one based upon that employed by Osborne and 
Mendel (3). These investigators used rats in their experiments, however, and 
the dietary habits of mice differ sufficiently from those of rats to render 
certain modifications essential. It was found impossible to overcome the 
repugnance of the animals for the synthetic diet without cooking it, and this, ; 
in turn, involved modification of some of the proportions of the constituents 
of the diet used by Osborne and Mendel. The compositions of the diets were 
as follow: 
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Control. Deficient. 
Component Percentage Component Percentage 


Salt Mixture ...... 5 Salt Mixture ...... 5 
Marmite or Yeast .. 2 Marmite or Yeast .. 2 


The various constituents, with the exceptions of a portion of the butter 
and the whole of the marmite or veast, were mixed into a paste and baked in 
the form of biscuits until sufficiently crisp to crumble. The marmite or yeast, 
and the remainder of the butter were then added. The butter was freed from 
protein by heating and separating the layer of melted fat. The small propor- 
tion of butter which was added subsequently to the cooking of the food, how- 
ever, was not similarly clarified. The yeast (or marmite) and this small 
proportion of the butter were therefore the only ingredients of the diet which 
were not cooked. ; 

The Cystine used was prepared in an approximately pure condition from 
wool, by the method of Folin (1). 


GRAMS 


DEFICIENT DIET 
@ @ @SAME PLUS TAURINE 


YEAST 
3 10 WEEKS 


Figure 1. Showing the effect of adding Taurine to a diet deficient in 
Cystine. The date at which veast was substituted for marmite in the deficient 
diet is indicated by the arrow. 


The Taurine, which was very kindly furnished by Professor C. L. A. Schmidt, 
was prepared from Abalones (//aliotis) (6). It may have contained traces of 
Cystine, but the amount present must have been very small, since only an 
almost imperceptible residue was insoluble in distilled water, and the Wollaston 
test for Cystine was negative. 
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When the experiments were first started (Figures 1 and 2) marmite was 
employed as a means of administering the water-soluble accessory. Notwith- 
standing the fact that the synthetic diet so constituted contained every known 
dietary requisite, with the exception of the antiscorbutie accessory, which rats, 


GRAMS 
== DEFICIENT DIET 


@ @ @ SAME PLUS CYSTINE 


YEAST 
- 


Figure 2. Showing the effect of adding Cystine to a diet deficient in 
Cystine. The date at which veast was substituted for marmite in the deficient 
diet is indicated by the arrow. 


at all events, do not require, the mice did not thrive at all well and their 
growth was greatly retarded, as the figures show. On replacing the marmite 
by yeast, however, the condition of the animals at once improved and approxi- 
mately normal growth occurred. This fact opens up the possibility that yeast 
may contain an accessory foodstuff which is necessary for mice, although not 
necessary for rats, but since the precise nature of the deficiency which is 
corrected by yeast has not yet been ascertained, the existence of such an 
aecessory, although suggested by these observations, cannot be considered to 
have been established by them. ra 

Throughout the experiments the animals never presented a really healthy 
appearance, and the addition of Cystine or Taurine, while it caused growth to 
occur, did not improve the general condition of the animals. It was not found 
possible to trace the origin of this lack of well-being. 

The results of the experiments are shown graphically in figures 1, 2, and 3. 
The curve of growth of the control mice has not been included. After 
exhibiting fluctuations in weight for the first three or four weeks, these 
animals grew steadily until they attained the average weight of normal full- ’ 
grown mice. 

As will be seen from the curves, the mice barely maintained themselves, or 
else lost weight, on the Cystine-deficient diet. Upon the addition of either 
Taurine or Cystine to this diet the animals began to grow, but growth promptly 
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ceased when the Cystine or Taurine was removed. The parallelism of the 
‘*Cystine’’ and ‘‘Taurine’’ curves is very noticeable, especially in the curves 
depicted in figure 3. 


20sGRAMS 


TAURINE 


CYSTINE 


— DEFICIENT DIET 
ece SUPPLEMENTED DIET 


1 2 3 ome, WEEKS 


Figure 3. Repetition of the experiment illustrated in figures 1 and 2. 
Yeast employed throughout the duration of the experiment. 


The curves represent averages derived from about twelve mice in each 
case; elmost without exception the curves of the individual mice closely 
correspond to the average curves. 

In the course of the first series of experiments (curves 1 and 2) three mice 
died, aud the records of these were eliminated. In the second series there 
were no deaths. 

In considering the results of these experiments, while it is evident that the 
animal can use Taurine for the purposes of growth in the absence of sufficient 
Cystine, it does not follow that this is attributable to a conversion of Taurine 
into Cystine. It may be attributable to the fact that the diet is rendered 
adequate in either case by some factor common to Taurine and Cystine, for 
example, sulphur. 

As H. H. Mitchell (2) has pointed out, the failure of animals to grow on 
a Cystine-deficient diet may be due to a lack of sulphur, and not specifically to 
lack of Cystine. 

It is known that the forms in which Taurine and Cystine are excreted 
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when administered to normal individuals are widely different (4). It would 
be of interest, in the light of the above experiments, to determine in what form 
Taurine is excreted when it is administered to an animal which is subsisting 
upon a diet which is deficient in Cystine. 


SUMMARY. 


Experiments with mice have been performed to determine whether 
Taurine can replace Cystine in the diet, with special reference to the adequacy 
of the diet for growth. The evidence obtained appears to show that Taurine 
can, in fact, take the place of a considerable proportion of the Cystine in the 
diet. 

It is pointed out that this fact does not constitute any evidence that 
Taurine is actually convertable into Cystine in the animal body. 
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ON THE MECHANISM OF MUSCULAR ACTION 
by 


O. W. TIEGS 
(From the Department of Zoology, University of Adelaide). 


(Submitted for publication 21st January, 1924.) 


Examination of the minute structure of skeletal muscular tissue fails to 
reveal any essential difference between its constituent fibres. Moreover, the 
elementary contractile structures, of which the fibres are composed—the 
sarcomeres—are all miscroscopically indistinguishable. It follows that, since 
the behaviour of a muscle depends on the behaviour of its sarcomeres, the 
action of the entire muscle will not differ from that of the individual sarco- 
mere, except in so far as it depends on the errangement of the sarcomeres 
relative to each other within the fibre. 

Classical muscle physiology has been enriched by the labours of Fletcher 
and Hopkins, of A. V. Hill, of Meverhof, and of others, and numerous data of 
great accuracy, concerning the behaviour of muscles, are now available. Toa 
large extent the observed phenomena have been given a generalized thermo- 
dynamical interpretation, while the elaborate contractile machine revealed by 
the microscope, on whose behaviour the phenomena of muscle action surely 
depend, has conspicuously failed to account for the many observations. While 
thermodynamical reasoning may Jead to a considerable insight into the type 
of process concerned in muscle action, any morphological interpretations that 
are placed on its results are almost certain to be erroneous, and miscroscopic 
investigation must be a much surer guide in the study of the mechanisms 
concerned. 

In the present paper an attempt is made to interpret the phenomena of 
muscle action in terms of the structure and behaviour of the sarcomeres as 
revealed by the microscope. The conclusions reached are mainly the result of 
some observations which I have recently made on the structure of ‘‘striated’’ 
muscle tissue, which have been published in the Transactions of the Royal Society 
of South Australia (17), (18), (19). As this journal is not readily available 
abroad, I shall first briefly recapitulate the conclusions stated there. 

1. It is pointed out that both in skeletal and in cardiac muscle the 
‘*striations’’ are not in the form of dises placed transversely across the muscle 
fibres, but are really disposed in the form of two very closely wound spiral 
bands (helicoids), which travel from one end of the fibre to the other. Con- 
siderable care is required in the detection of these structures. 
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2. Krause’s membrane, which appears as a line between the successive 
striations, is likewise in the form of a double spiral band. Krause’s membrane, 
moreover, is a continuous structure, cutting the fibrillae and passing across the 
interfibrillar spaces, while the ‘‘striations,’’ of course, are discontinuous, being 
composed merely of a series of ‘‘blocks,”’*’ the ‘‘sareous elements,’ arranged 
side by side to form the spiral bands. 

A muscle fibre may be more accurately described as a narrow cylindrical 
tube (sarcolemma) containing a fluid (sarcoplasm), in which lie several 
hundred longitudinally disposed fibrils: there are also two membranes of 
Krause. disposed in the form of two spiral bands, which, travelling from one 
end of the fibre to the other, cut the fibrillae repeatedly, thus giving rise to the 
sarcomeres, Which are therefore also disposed spirally. 

3. Each sarcomere is a minute evlinder, bounded at either end by the two 
Krause’s membranes. The middle third of the evlinder is composed of a very 
fine porous tissue, presenting a considerable free surface; it is only faintly 
stainabie, and is doubly refracting towards polarized light. The region between 
this substance and the ends of the sarcomere is composed of a non-porous, 
non-stainable substance, singly refracting towards polarized light, through 
which run a number of minute, usually ultramicroscopie canals, much dilated 
at their bases (which lie in close connection with the two membranes of 
Krause). They open internally into the doubly refracting porous material. 
Within these tubes is a dark, strongly staining fluid (hyaloplasm). In the 
relaxed condition of the fibre, the tension between the surface of the fluid and 
the walls of the tubes is such that the fuid becomes drawn right into the 
doubly refracting porous substance, leaving only a small residue (residual 


‘hyaloplasm) in connection with the two Krause’s membranes. At contraction 


the tension of the fluid becomes lowered: it retreats from the porous substance 
through the tubes, and forces the bases of the tubes to dilate. As a result, 
there oveurs a considerable thickening of the ends of the sarcomere; and since 
the volume of the sarcomere remains unchanged, shortening must take place. 
Then at relaxation, the tension of the hyaloplasm is again increased: three 
surfaces are present, the hyaloplasm, its vapour (water vapour), and the 
surface of the tubes. If the angle of contact between the hyaloplasm and the 
walls of the tubes is sharp the fluid will again be drawn into the porous 
substance, and the sarcomere will elongate. There is, thus, a ‘‘reversal of the 
striations,’ but no interchange between the positions of the singly and doubly 
refracting substances; and while the relaxed sarcomere is cylindrical in shape, 
the contracted sarcomere has the shape of a dice-box. The structure of a 
sarcomere is shown diagrammatically in figure 1. 


The above conclusions are based mainly on the examination of the muscles 
of fully-grown insect larvae. in which all cellular structures are extremely 
hypertrophied, larval growth resulting from cell growth, in the absence of cell 
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multiplication. Structures otherwise invisible can thus be observed under 
very high magnification. Some of the conclusions are based on theoretical 
considerations alone. 


K.M. 
Figure 1. Diagrammatic representation of two sarcomeres, one in the 
relaxed, the other in the contracted condition. 


A. Doubly refracting, porous material. 
B. Clear, non-porous material. 
K.M. Krause’s membrane. 


The minute capillary tubes, usually of ultramicroscopic size, are shown 
passing from the porous substance through the clear substance and dilating 
considerably beside Krause’s membrane. In the relaxed sarcomere the hyalo- 
plasm has been drawn right into the porous layer; on contraction, the hyalo- 
plasm is drawn back through the capillary tubes; their bases dilate, and the 
evlinder changes into a dice-box shaped structure, and shortens at the same 
time. 

The proportion of residual hyaloplasm has been purposely exaggerated. 

4. Observations on fixed contractile waves, and on the strueture of 
‘‘water-logged’’ muscle, lead to the conclusion that it is along the two 
membranes of Krause that the excitatory impulse travels. This view is 
rendered more certain from the fact that the motor nerve endings can, under 
suitable conditions, be shown to lie in contact with Krause’s membrane. 

5. The conclusion that the velocity of the excitatory impulse, as deter- 
mined by the velocity of the resulting contractile wave, is 3 to 4 metres per 
second in the frog and 6 metres per second in man, is based on the assumption 
that the impulse travels in a straight line along the fibre. When we consider 
that it travels in reality along the spiral, then its true velocity can be caleulated 
by measuring the breadth of the fibres and the distance between the striations. 
Such measurements show that, within the limits of a rather large experimental 
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error, the velocity of the excitatory impulse is the same as that of the nerve 
impulse (mammal and frog). 

Since the publication of the above results, | have observed that heart 
muscle behaves in the same way as skeletal muscle; Krause’s membrane is a 
perfectly continuous double spiral band, stretching right across the inter- 
fibrillar spaces, and the sarcomeres at contraction show the same ‘‘reversal’’ of 
striations, transforming themselves from cylindrical into dice-box shaped 
structures. The presence of fine capillary tubes passing into the central porous 
matter, and terminating near Krause’s membrane, can, however, only be 
inferred, since no such device as the examination of hypertrophied insect muscle 
can here be employed. 

Corresponding to the three events which constitute a muscle twiteh—the 
excitatory impulse, the resulting chemical change, and the mechanical response 
—there are three structures within a muscle fibre—the two membranes of 
Krause, the sarcoplasm, and the sarcomeres. The membranes of Krause trans- 
mit the stimulus, which is probably in every way identical with a nerve 
impulse; it exhibits the ‘‘negative variation,’’ it has the same temperature 
coefficient, it possesses a refractory period and shows a period of supernormal 
strength (Hartree and Hill), and, lastly, the velocity is the same in both (frog 
and man). The membranes of Krause indeed are to be looked upon as being 
nervous in nature. 


Histological examination renders it certain that the sarcomeres are concerned 
with the mechanical response. It, moreover, confirms to the fullest extent the 
view put forward by Imbert (12) and by Bernstein (2) that muscular action is 
a surface tension phenomenon, and shows also that contraction is the result, 
not of an increase, but of a decrease of surface tension, as first pointed out by 
T. Brailsford Robertson (16). It shows clearly also that the view that it is an 
osmotic-phenomenon, or that it is due to rapid heating of the doubly refracting 
substance, cannot any longer be entertained. 

It is in the sarcoplasm, I believe, that the chemical response to the stimulus 
(liberation of lactic acid, ete.) occurs. The proof of this is, of course, very 
difficult. It may be noted, however, that the quantity of sarcoplasm present 
in muscle fibres increases with increase in their activity; in sluggish insect 
larvae it is present in minute quantity; in the more active vertebrates it is 
better developed, while in the flying muscles of insects, especially of very 
strong flyers, it is much more prominent than the fibrils themselves. One 
would, moreover, scarcely expect such a beautiful machine as the sarcomere 
to be encumbered with a mass of fuel. Everything points to the conclusion 
that it is in the sarcoplasm alone that we must look for the chemical substance 
which sets the surface tension machine into action. If we assume that it is in 
the sarcoplasm that these chemical reactions occur, then must of the phenomena 
of muscle action find a simple explanation. 
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Latent Period. From the description of a contracting sarcomere, as given 
above, it follows that contraction of a muscle is the result of thickening. We 
are accustomed to regard thickening as a result of contraction, but there can 
be no doubt that the opposite is the case. In observations on the period 
intervening between stimulation and contraction (latent period) this fact has 
not been sufficiently stressed, and various observers have obtained different 
results. The value given by Burdon-Sanderson (3) is -0035 seconds; his result 
was obtained by measuring the latent period of thickening. Helmholtz 
obtained a value of -01 seconds, his measurements being the time intervening 
between stimulation and the commencement of movement of a lever attached 
to the end of the muscle. The results are clearly not comparable. Helmholtz’s 
value alone has a physiological meaning, representing the minimum time in 
which « muscle is capable of functioning after receiving its stimulus; Burdon- 
Sanderson’s value, on the other hand, while having no direct physiological 
meaning, represents the minimum time in which his instrument was able to 
detect a movement of hyaloplasm towards the ends of the sarcomeres, as a 
result of the diffusion of lactic acid, liberated at stimulation, on to the walls of 
the sarcomeres. The difficulty of determining the latent period of thickening 
is inereased by the fact that, in the contracting sarcomere a considerable 
amount of hyaloplasm has been drawn out of the doubly refracting material and 
accumulated around Krause’s membrane, before any appreciable thickening 
of the sarcomere oceurs (18). The difference in the values obtained is due 
to the fact that the general viscosity of the muscle delays shortening at one 
end in response to thickening at the other. 

The Effect of the Length of the Muscle on the Tension Developed. lt may 
be assumed that a muscle when quite relaxed has its sarcomeres in a perfectly 
eylindrical condition. Muscles. as usually examined, are in a slightly con- 
tracted state, in which case the sarcomeres are partly in the ‘*dice-box shaped”’ 
condition, and the greater the state of contraction the more marked will the 
condition be. 

Consider now the effect of an elongation on the shape of the sarcomeres: 
as the partially contracted muscle is artificially extended the sarcomeres will 
respond in a manner the opposite to that which caused the partial contraction, 
i.e., they will elongate and become more and more cylindrical, until the condi- 
tion of total relaxation is reached, when the cylindrical shape will be attained. 
When, now, the extension of the muscle is continued, the sarcomeres will 
remain in the cylindrical condition, but they, as well as the interfibrillar spaces, 
will be drawn out more and more, and at the same time will become continually 
narrower. 

Now, as the sarcomeres were gradually changed from their dice-box shaped 
condition into the normal cylindrical form, increasingly more sarcoplasm will 
have come into contact with the membranes of Krause, which stretch across 
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the interfibrillar spaces, reaching a maximum at relaxation length. When, 
however, the muscle is stretched beyond the normal resting length, the resulting 
narrowing of the interfibrillar space will result in a gradual diminution of the 
amount of sarcoplasm in contact with the membrane. This is represented 
diagrammatically in figure 2. 
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Figure 2. Two adjacent sarcomeres in three stages of clongution, to 
illustrate the nature of the ‘‘valvular mechanism.’’ The sarcomeres are shown 
in black, the interfibrillar sarcoplasm is shaded. Note the change in the area 
of sarcoplasm in contact with Krause ’s membrane. 


A. Contracted condition. 
B. Condition of complete relaxation. 
C. Stretched muscle. 


Now it may be supposed that the amount of lactic acid which the excita- 
tory impulse is able to liberate from the lactic acid precursor contained in the 
sarcoplasm is directly proportional to the quantity of precursor that is in 
contact with Krause’s membranes. We see, consequently, that an impulse 
passing through a perfectly contracted muscle will liberate a minimum amount 
of lactic acid, which will gradually imerease in quantity as the muscle is 
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elongated more and more, reaching a maximum when the muscle has been 
stretched to its length at perfect relaxation, and then gradually decreasing 
again as the elongation continues. It is this delicate valvular mechanism, I 
believe, which must behave with perfect accuracy, that is the basis of that 
remarkable self-regulation of muscle activity which has been discovered by the 
study of heat output during tetanus, and in the isometric twitch at various 
initial extensions. 

The relation of the length of muscles to the tension developed was first 
carefully investigated by Blix, but it is mainly to the experimental work of 
A.V. Hill that so many accurate data are now available. He was able to show, 
for example (9), that the heat output in an isometric twitch was much greater 
than in an isotonie twitch; but that a muscle, contracting isometrically in 
response to a single shock, gave out the same quantity of heat as one that was 
allowed to shorten immediately the maximum tension had developed. The 
interpretation of these observations is now obvious: Krause’s membrane 
remains in an excited condition for nearly one-hundredth second. During this 
period there will be a constant beat liberation during the isometric twitch; 
but if the muscle is allowed to shorten, the valvular mechanism will come into 
play, the sarcoplasm will become shut off from the region of excitation, and 
heat production will decrease, unless, of course, shortening is delayed till the 
moment when the excitation ceases, at which time also development of tension 
ceases, the closure of the valves now no longer affecting the heat-output. 

Evans and Hill have further shown (4) that the heat output of a muscle 
removed from the body increases as the muscle is stretched, reaching a maximum 
at a length which corresponds to the resting length within the body; as 
elongation is continued the heat output again falls. The mechanism of this is 
clear from the above considerations. 

Similarly in tetanus there is a strong output of heat at the initial twitch, 
which then rapidly decreases and becomes of constant value. Now the closing 
and subsequent opening of the ‘‘valves’’ will occupy a time somewhat less 
than one-tenth second. During tetanus, however, stimuli at the rate of fifty 
per second may be passing through the muscle; it follows, therefore, that in 
the state of tetanic contraction a series of rapidly repeated partial openings 
and closings of the valves will occur, and the amount of shortening at any 
moment will regulate the amount of tension developed by the next excitatory 
impulse. The diminished heat output during tetanus is not, however, entirely 
the result of this mechanical regulating mechanism, for other faetors are 
necessarily involved. Thus, in an isometric tetanus two stimuli close together 
do not liberate twice as much heat as does a single one; which evidently 
depends on the fact that production of lactic acid precursor from glycogen 
around Krause’s membrane, or its accumulation there by diffusion from the 
deeper regions of the sarcoplasm, occupies a definite time interval, and that the 
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maximum amount of precursor that the ‘‘impulse’’ can transform into lactic 
acid has not yet had time to form. The efficiency of the self-regulating 
process may, however, be appreciated from the observation of A. V. Hill (10) 
that the heat output in an isotonie tetanus may be only 60 per cent. that of 
tetanus occurring isometrically. 

As a result of the action of this valvular mechanism, a shortening muscle 
will work at an increasingly great disadvantage. We find, consequently, that 
those movements which depend on the development of extremely great tensions 
are of very short duration, and that special devices are employed for making 
the contraction isometric. This is the principle that underlies those move- 
ments to which Hayeraft (8) has already drawn attention. Probably the best 
illustration that ean be given of this mechanism is that employed by a flea 
when jumping. If the upper end of the posterior portion of the second leg- 
joint (trochanter) of a flea be examined it will be observed to possess a short, 
stout process, which fits into a depression on the lower surface of the first 
joint (coxa). This mechanism allows the setting up of an isometric tetanus; 
when at last the ‘‘catch”’ is forced open there is no longer any resistance to the 
great tension developed, and the legs, straightened out suddenly, throw the 
insect high into the air. 

Those most extraordinary structures, the flying muscles of insects, depend 
also for their efficiency on their being enabled to contract isometrically. These 
muscles, which can produce 300 vibrations of the wings per second, are not 
attached to the wings in any way; they are inserted entirely on to the walls 
of the thorax, and their contraction, on account of the firmness of the thoracic 
walls, is almost isometric (if it were otherwise the thorax would collapse). 
Now the base of the wing works in the thorax by a very complex ‘‘ratchet and 
pinion’’ mechanism, and any minute change in the shape of the thorax will 
cause a movement of the wing, the strength of which will depend on the tension 
which the thoracic muscles have been able to exert on the walls of the thorax. 
When one considers the immense leverage that has to be overcome in large- 
winged insects, then the efficiency of these wonderful muscles becomes 
astonishing. 

It is evidently this same mechanism which underlies the capacity of the 
denervated heart so to regulate its strength of contraction that it may pour a 
constant quantity of blood into the aorta, regardless of the aortie pressure, 
provided only that a constant venous inflow is maintained (14). 

The Effect of Temperature. It has been shown by Hartree and Hill (5) that 
a resting muscle shortens appreciably on warming; also that a musele, on 
being stretched, shows a minute rise in temperature, which is reversed when 
the muscle is again allowed to shorten. 

Now a rise of temperature will produce a fall in the surface tension of the 
hyaloplasm of the sarcomeres, and shortening of the muscle must occur. Con- 
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sider also the effect of strongly stretching a relaxed sarcomere: stretching will 
have the same effect as lateral compression; the doubly refracting porous 
network will be pressed more firmly together, and there will occur a diminution 
of surfaces of contact within the sarcomere. Now when the area of two fluid 
surfaces in contact is increased, a fall of temperature occurs; similarly, a 
decrease in the area of contact will result in a rise of temperature. This is 
then, apparently, the basis of the second observation of Hartree and Hill: 
stretching, by decreasing the areas of contact, must cause a warming of the 
musele; a shortening will produce cooling. 

Nevertheless, the shortening of a muscle on warming is only very minute; 
consequently changes in temperature cannot have the same mechanical effects 
in controlling muscle activity as stretching has. The very marked influence 
of temperature on muscle activity must then have a different basis. As A. V. 
Hill (11) has pointed out, the decrease of heat output in a single twitch with 
rise of temperature is to be explained by the longer persistence of the stimulus 
with fall of temperature, while the increase of heat output of a prolonged 
tetanus with rise of temperature is due to the quantity of laetic acid liberated 
being governed by the quantity of lactic acid precursor that is being formed 
from glycogen. This is, indeed, the strongest evidence for the production of a 
substance intermediate between glycogen and lactic acid, and which is present 
in resting muscle only in small quantity. 

The Intimate Nature of Muscular Contraction. The work of Fletcher and 
Hopkins, of Meyerhof, and of A. V. Hill has rendered it very clear that during 
a single muscle twitch there is a liberation of lactic acid on to certain active 
surfaces within the muscle, and that as a result of this liberation of acid certain 
interfacial tensions are altered and the muscle contracts. Then the acid is 
again removed, evidently by neutralization, and the tension returns to its 
resting value. That neutralization of the acid does occur is certain from the 
fact that though a briefly tetanized muscle contains a considerable amount of 
lactate, its hydrogen ion concentration is not different from that of a resting 
muscle (Ritchie) (15). According to Meyerhof (13) the neutralizing base is 
to be looked for in certain protein bodies contained in the muscle fluids. 

Now when we consider the heat output in muscular action, and especially 
when we try to localize these chemical reactions within the muscle fibre, we find 
that the process cannot be so simple as it appears. 

Consider first the evidence obtained from heat determinations. It has 
been shown by Meyerhof that whereas the formation of 1 gram of lactic acid 
from glycogen is accompanied by the liberation of 157 calories of heat, when 
this process occurs in muscle a much larger quantity is set free, viz., 370 
calories. These extra 213 calories are believed to be concerned with the 
neutralization of the lactic acid, but even when the most liberal allowance for 
this is made, about 70 calories remain unaccounted for; the heat of neutraliza- 
tion of serum albumin and globulin is not more than 140 calories. 
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That the chemical processes concerned must be more complex than this 
seems also to be shown when we consider the regions of the fibre where they 
must oveur. I have already pointed out that it must be from the interfibrillar 
sarcoplasm that the acid is liberated, and that the mechanical response is due 
to its diffusing on to the walls of the sarcomeres, where it causes a decrease of 
the tension between the sarcomeres and the fluids within them in virtue of the 
positive electric charge on the hydrogen ions. The speed of its action ts 
regulated, therefore, by a diffusion through a very minute distance, and this 
must occupy a definite time interval. This time cannot be greater than -0035 
seconds (Burdon-Sanderson’s latent period). Where, now, does the process 
of neutralization take place? If it be within the sarcomere, then probably the 
process of diffusion through its walls would be too slow to account for the 
rapidity of the whole process. Moreover, a muscle which has long been in 
action should show a considerable swelling of the sarcomeres, and perhaps 
even a deposit of foreign material within them. This does not occur, and one 
would not, indeed, expect so clumsy an arrangement in so delicate a mechanism. 
It appears, rather, that the whole of the processes must be going on within the 
interfibrillar sareoplasm. If. now, the neutralizing base is constantly present 
as such in this position, then it is difficult to see how contraction could ever 
take place. The process of neutralization would be almost instantaneous, 
and the hydrogen ions would not have an opportunity to diffuse on to the 
sarcomeres, small as the intervening distance is. We are forced, I think, to 
conclude that though neutralization of the acid by a base does oceur, this 
base is not constantly present, but is liberated at the same time as the acid, and 
at a different place. It is now that we can understand the presence of two 
spiral membranes of Krause. The one liberates from the sarcoplasm an acid- 
lactic acid—and the other liberates a base, whose nature is as vet unknown. 
The hydrogen ions will rapidly diffuse on to the walls of the sarcomeres, and, 
continuing to diffuse in the direction of the opposite Krause’s membrane, will 
become neutralized by the base liberated there. The distance between the two 
membranes of Krause is small enough to allow this process to occur within a 
very small fraction of a second. 

If we assume that the neutralization of 1 gram of lactic acid by this base 
liberates something like 140 calories, then the remaining 70 calories will repre- 
sent the heat set free by the transformation of the base-precursor into the 
neutratizing base. 

If now we add these 70 calories to the 157 calories produced in the forma- 
tion of laetie acid, then it will appear that: 

heat of contraction : heat of relaxation per twitch :: 227 : 140 
the actual values being only approximate, ie., a little over 60 per cent. of the 
heat liberated in a twitch will be formed previous to the mechanical response ; 
the remainder will be developed as the contraction again passes away. Now it 
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has recently been shown experimentally by Hartree and McDowall (7), using 
the very slowly moving muscles of the hedgehog, that the ‘‘Initial heat of 
Contraction’’ is composed of two parts. one between 60-70 per cent. of the 
total, preceding the mechanical response, the rest liberated after the response 
has commenced. The results agree so well that we may conclude that the 
extra 70 calories are liberated, not after the mechanical response, as Meyerhof 
believes. but before it. 

It is probably necessary also to assume that a differentiation of sareoplasm 
occurs Within the interfibrillar spaces; it is not probable that the two excitatory 
impulses which travel simultaneously along Krause’s membranes should be 
qualitatively unlike. The impulse is very probably identical with a nerve 
impulse, and it is, in the light of our present knowledge, unlikely that more 
than one such extraordinary chemico-physical process should exist. It is more 
probable that in connection with the one Krause’s membrane is a_base-pre- 
cursor, in connection with the other, an acid precursor, and that two processes 
of excitation, qualitatively alike, passing down the two membranes of Krause, 
liberate from the base-precursor, which is in contact with one of them, a base, 
from the acid-precursor, which is in contact with the other, an acid (lactic 
acid). 

The Shape of the Muscle Twitch Curve. The distance between successive 
striations in a muscle fibre is so small that the diffusion of lactic acid liberated 
at one membrane of Krause, past the walls of the sarcomere, on to the base 
liberated from the other, will oceupy only a very small time interval. Since 
we do not know the viscosity of the sarcoplasm, nor whether other electrolytes 
are present to hasten the process of diffusion, it is at present quite impossible 
to make any exact calculation of the time necessary for diffusion to occur. 

Consider, however, the changes in the concentration of hydrogen ions on 
the walls of the sarcomere as the lactic acid diffuses past them. The shape of 
the concentration-time curve will depend upon whether the contraction is 
isotonic or isometric, since in the former the liberation of lactic acid will be 
eut short as the valvular mechanism comes into play. 

Let us take first the isotonie twitch. There will be a sudden liberation of 
lactic acid at one of the membranes of Krause; this will continue for a brief 
moment, and then as the muscle shortens will cease, even though the membrane 
of Krause is still in a state of excitation. For one brief instant following the 
liberation of acid the concentration of hydrogen ions on the sarcomere walls 
will be zero. Then, since there has oceurred a liberation of lactic acid at con- 
siderable concentration in a very small region of the sarcoplasm, the arrival 
of the first hydrogen ions on the walls of the sarcomere will be rapidly followed 
by the arrival of the greater portion of hydrogen ions formed at that particular 
moment; the concentration-time curve will rise very steeply. Then, as libera- 
tion of acid continues, the curves will rise higher and higher, until shortening 
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of the sarcomere shuts off the supply of acid-precursor from the excited 
Krause’s membrane; for one brief instant the curve will continue to rise, but. 
the concentration of lactie acid at its place of formation becoming smaller anc 
smaller as a result of the diffusion, the curve will rise less and less steeply. 
becoming rapidly horizontal. Meanwhile the first of the ions to diffuse on to 
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Figure 3. Curves illustrating the concentration of hydrogen ions on the 
walls of the sarcomeres, during the process of diffusion. 
A. Isotonic Twitch. 


B. Isometric Twitch; a ‘‘hump’’ curve and a smooth curve are shown, 
The point of stimulation is indicated. 


The two curves are not drawn to scale, A being on a considerably larger 
seale than B. 


the walls of the sarcomeres will have reached the region where the base has 
been liberated and will there be neutralized; there is no longer any supply to 
keep up the loss of hydrogen ions, and the concentration-time curve, remaining 
horizontal for one brief instant, will fall, but with a steepness not quite as 
great as that with which it rose, since the concentration of lactic acid within 
the sarcoplasm is now less than at the moment of its liberation. The concen- 
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tration of hydrogen ion on the sarcomeres will continue to fall, but in propor- 
tion as it falls the drop in the curve will become less and less steep, and will 
eventually terminate almost asymptotically with the base line (fig. 3a). Since 
the distances dealt with are extremely minute, the whole process will not 
occupy more than a smal] fraction of a second. 

Consider next the shape of the concentration-time curve for an isometric 
twiteh (fig. 3b). The general nature of the curve will be the same, but it will 
rise somewhat higher, since the valvular mechanism is not allowed to cut off 
the supply of sareoplasm from the excited membrane. Hence, when neutraliza- 
tion begins hydrogen ions will still be passing on to the walls of the sarcomeres, 
and the almost instantaneous horizontal of the isotonie twitch curve and the 
subsequent rapid fall will be replaced by a very slowly falling curve, or by a 
protracted horizontal followed by a fairly steep fall, in which case a ‘‘hump”’ 
curve will be produced. All stages between the two types are possible. Those 
conditions which especially favour the formation of these ‘‘hump”’ curves are 
those which tend to bring about a momentary stream of ions of constant 
coneentration along the walls of the sarcomere; i.e., anything which will 
retard the rate of diffusion, such as lowering of temperature, or the absence 
of other electrolytes. Such curves might then be expected to form at low 
temperatures rather than at high, and also in fresh muscle rather than in 
muscle which has been active for some time and which must contain a con- 
siderable quantity of free electrolytes in the form of neutralized lactate, to 
hasten the diffusion rate. (For simplicity, I have not considered the effects 
due to the diffusion of the basic substance. This diffusion will not change the 
nature of the curve; it will merely make the ‘‘fall’’ steeper.) 

Now the positive electrie charge of the hydrogen ions in contact with the 
walls of the sarcomeres will bring about a lowering of the tension between the 
walls of the capillary tubes within the sarcomeres and their hyaloplasmic 
contents, and this lowering wil! be proportional to the concentration of ions 
present on its walls. Hence the amount of shortening undergone by a sareo- 
mere at any particular instant. or, if shortening be prevented, the tension 
developed will be proportional to the number of hydrogen ions on its walls. 

Moreover, the muscles which are usually employed in making twitch and 
tension curves are the small limb muscles of frogs... These are so short that 
the time interval between stimulation of sarcomeres at the two ends will be 
only about 459 to Moo second (for a muscle 2 em. long). Since this time 
interval is small in comparison with that of the whole muscle twitch, it follows 
that the shape of the twitch or tension curve for the muscle as a whole will not 
differ essentially from that of a single sarcomere. 

It is, therefore, possible to compare the twitch and tension curves of a 
muscle with the isotonic and isometric concentration-time curves already dis- 
cussed. When this comparison is made, taking the ‘‘arrest’’ curve of Kaiser 
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as the most accurate isotonic twitch curve, and the curves given by Hartree 
and Hill (6) as representing the isometric tension curve, then we see that the 
shape of the curve giving the change of concentration of hydrogen ions on the 
walls of the sarcomere resembles very closely the corresponding twiteh and 
tension curves as obtained experimentally. It is even possible to account for 
the ‘‘hump”’ curves of Hartree and Hill as occurring in fresh muscle or at low 
temperature. I cannot, however, understand their more frequent occurrence 
at small than at larger initial extensions. 

From the above consideration it follows also that when the distance 
between the membranes of Krause is artificially increased, as by giving the 
muscle an initial extension, then the increased distance through which the 
hydrogen ions will have to diffuse will result in a lengthening of the time that 
the isometrie twitch will occupy. and this prolongation of the time will be due 
not to a fall in the rate of production of the contraction, but to a fall in the rate 
of relaxation. The greater the initial extension the more marked will be the 
horizontal part of the curve, and the delay in the ‘*‘fall”’ of the curve will be 
proportional to the degree of elongation. An examination of the curves by 
Hartree and Hill (6) shows that this is so. 

The Contracture’’ Condition. When a muscle is allowed to undergo a brief 
isometric tetanus, then at the cessation of stimulation it will not at once return 
to its resting length; the return is gradual, and it is not due to the viscosity 
of the muscle fluids alone, since a brief artificial stretching, inserted during the 
period of relaxation, does not alter the shape of the curve. Moreover, this 
contracture condition shows no corresponding electrical ‘‘negativity’” and is 
not under nervous control, since it may be obtained as easily from a directly 
stimulated, curarized muscle as from one stimulated through its nerve. It 
must depend on processes going on normally during muscle activity, and must 
be quite different from veratrine contracture, which is accompanied by persist- 


ence of electrical ‘‘negativity.”’ Its nature is revealed, | think, when we 
consider the effect of low temperature upon it. It has been observed by 


Beritoff (1) that the period of relaxation of a muscle is often long drawn out 
at low temperatures. At higher temperatures this is not usually to be observed; 
probably, however, it does occur to a slight extent, but is not noticeable unless 
its effects are multiplied by increasing the number of times that it occurs, as in 
tetanus. 

On the theory put forward above, that contraction is the result of a 
diffusion of hydrogen ions past the walls of the sarcomeres, it might be 
expected that some of the ions would adhere to the walls, and an accumulation 
of these would result in a temporary passive condition of shortening. At low 
temperatures the adhesion would occur readily; at higher temperatures so 
little might adhere per twitch that a frequent repetition would be necessary 
before its effects became marked, 
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During tetanus this contracture condition must add greatly to the efficiency 
of the maintenance of tension by diminishing the opening of the valvular 
mechanism, and thus lowering the lactic acid output. 

The action of this contracture phenomenon can easily be observed in the 
human body in the following manner: the subject stands about a foot from the 
wall of a room and with his arm straight, presses for a short time hard against 
it. There results a strong tetanic contraction in those muscles which, if 
permitted, would raise the arm. If he then steps away from the wall, the arm 
will be slowly drawn upwards, often to the horizontal position. With the 
vreat leg muscles this phenomenon can be observed even better. The passive 
state of contraction is however, only to be observed when care is taken not 
to let the antagonistic muscles overshadow its effects. 


The Opposing Action of Two Exrcitable Membranes. 


The theory of muscular contraction that | have put forward above depends 
on the idea of an independent liberation of lactic acid from the one excitable 
membrane and of a hitherto unrecognized basie substance from the other. The 
necessity for this view is forced upon us when we consider the inability of the 
lactic acid to diffuse on to the sarcomeres if it is liberated into a buffer solution. 
Since, however, the validity of this remark depends upon the assumption that 
all the -hemical changes which are brought about by excitation of the muscle 
fibres oceur within the interfibrillar spaces—a conception for which only 
indirect support can be given—I shall give some additional evidence that the 
neutralizing base cannot be present as such, but must be formed simultaneously 
with the lactie acid. 

if the lactie acid is liberated into, or in close contaet with, the neutralizing 
base, it is difficult to see why a musele should pass into a condition of rigor 
shortly after death. Since rigor is the result of the action of lactic acid which 
is undergoing spontaneous formation from its precursor after death, it is not 
easy to see why the muscle should shorten if the basic substance which in life 
brings about relaxation is present as such. It would also be very difficult to 
explain the nature of the contracture condition on the assumption of a free base 
occurring within the interfibrillar spaces. 

But direct evidence that the two excitable membranes have an opposing 
action is to be obtained from the behaviour of the claw muscle of the crayfish. 
If the abdomen of a crayfish be opened, the great body muscles will often be 
seen undergoing twitching similar to that seen in vertebrates. But if the claw 
muscles be exposed no such twitching is seen in them; the muscles are usually 
quite relaxed. If some irritant be now applied to them they contract firmly, 
and the contraction is then seen to be of a tonic and not of a tetanic nature. 
Now investigations by Richet, by Biedermann, and by Mangold have shown 
that in the claw muscle of the crayfish two nerves are present; these nerves 
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run parallel with one another and give off branches simultaneously, each nerve 
giving eventually a branch to each muscle fibre, so that each muscle fibre is 
supplied by two nerves. Furthermore, strong stimulation of the nerves causes 
tonie contraction of the closing muscle, while weak stimulation brings about 
relaxation of this muscle; the two nerves evidently possess different optimal 
rates of stimulation, and weak stimulation has excited one nerve, strong 
stimulation the other. 

I have examined the claw muscles of the crayfish, stained by the gold 
chloride method, and have had no difficulty in confirming the dual nature of 
the innervation; but it appears to have escaped observation hitherto that 
the two nerves end upon two adjacent ‘‘striations’’ of each muscle fibre; i.e., 
excitation of one nerve throws one of the excitable membranes into activity, 
excitation of the other nerve affects the second membrane. So far as I could 
observe, no definite motor end plate is present here, but each nerve communi- 
eates directly with the corresponding membrane of Krause (fig. 4). 

Now excitation of at least one of the excitable membranes must result in 
the liberation of lactic acid. But since stimulation of the other excitable 
membrane is capable of counteracting the effects of excitation of its fellow, 
activity of this membrane must result in the liberation of a substance which 
ean neutralize an acid, i.e., of a basic substance. 

When, on the other hand, the abdominal muscles of the crayfish are 
examined, the innervation is seen to be quite different. The nerves run 
either singly, or together, in twos, threes, or even fours. When these nerves 
are followed out to their terminations they are seen to separate, and one nerve 
fibre eventually ends on each muscle fibre in an elongated end plate (fig. 5). 

‘Running close beside this main nerve fibre and ending near the end plate, is 
to be seen a very delicate fibre. which is probably nervous in nature and may 
be identical with the sympathetic nerve fibre which several observers have 
detected in vertebrate muscles. In the claw muscles, the two fibres, so far as I 
could observe, are equal in thickness at their terminations; other very delicate 
fibres, however, accompany them on their path, but I have not observed their 
terminations. These delicate nerves may possibly produce the tonus that is 
seen in claw muscle in the winter months, just as tonus in the vertebrates is 
under the influence of corresponding sympathetie fibres. 

The peculiar innervation and behaviour of the claw muscle therefore proves 
the opposing action of the two excitable membranes. Excitation of one causes 
shortening, excitation of the other produces relaxation of this condition, and 
since the two membranes may be independently excited, a contraction lasting 
an indefinite period may be produced by stimulating the appropriate membrane. 
In the abdominal muscles, and in all the skeletal muscles of vertebrates, on the 
other hand, excitation of the end-plate causes simultaneous excitation of the 
two membranes, and contraction lasts only for the very brief period that it 
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Figure 4. Portion of a musele fibre from claw of crayfish, showing 
the double innervation. One nerve ends on one excitable membrane, the 
other on the second. The fibre is in a contracted state, so that the 
**striations’’ hide the excitable membranes of Krause (x 700). 


Figure 5. Nerve endings from two muscle fibres from abdomen of 
crayfish. Note the distinct end-plate. One of the fibres also shows a 
delicate sympathetic (?) fibre terminating on it (x 700). 
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takes the acid to diffuse on to the simultaneously liberated base; i.e., the 
muscle undergoes a twitch. 

These two types of innervation are correlated with differences in function 
of the two kinds of muscle. Claws of crabs are used mainly as powerful 
holding organs, and they are rather slow in action. Differences in the 
strength of contraction are produced evidently by excitation of varying num- 
bers of fibres; but once the contraction has been produced, no further energy 
output is required to maintain it. If, on the other hand, the claw muscle were 
a rapidly acting ‘‘snapping organ,’’ then it would be necessary for the two 
nerve cells that govern the action of each muscle fibre to act in unison; a 
simpler arrangement would evidently be for one nerve cell to stimulate the 
two excitable membranes simultaneously, and this is what we really find in all 
other skeletal muscle. While, therefore, the crab claw muscle is able to 
maintain a powerful hold on an object without the expense of any further 
energy, it sacrifices its capacity for rapid and delicate adjustment of action. 
All other skeletal muscles can adjust their activities with great rapidity and 
accuracy, but when they are called upon to maintain a powerful hold, they can 
do so only at the expense of considerable liberation of energy, a defect which is, 
however, largely diminished by the action of the valvular mechanism, of the 
contracture phenomenon, and of the reflex sympathetic postural tonus. 


SUMMARY AND CONCLUSION. 


1. The conclusions reached in this paper depend upon certain observa- 
tions on the structure of muscle tissue, which | have recently published else- 
where, and which are summarized at the beginning of this paper. 

2. It is then pointed out that the two membranes of Krause of each 
musele fibre, which are in the form each of a spirally wound band, are 
excitable and trasmit the excitatory stimulus from the region of the end-plate 
to the ends of the fibre. The resulting chemical changes (liberation of lactic 
acid, ete.) oceur within the interfibrillar spaces, and it is the sarcomeres that 
produce the mechanical response, acting entirely as surface tension machines. 

3. Contraction results in the sarcomeres changing from cylindrical to 
dice-box shaped structures; it is shown how this change of shape produces a 
valvular mechanism within the fibre, which, by altering the amount of sarco- 
plasm in contact with the excitable membranes of Krause, regulates in the 
most perfect manner the strength of the succeeding muscle twitch. On this 
mechanism depends the alteration of activity in muscles with change in their 
degree of elongation. 

4. The difference in the meaning of Helmholtz’s and of Burdon-Sander- 
son’s latent periods is discussed. 

5. The effect of temperature changes on the length of the muscle is 
briefly discussed. 
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6. From various considerations it is shown that lactic acid is liberated 
from only one of the excitable membranes; conditions within the fibre are such 
that the other membrane must liberate a basic substance, whose nature and 
formation have not hitherto been recognized. 

7. Contraction is due to surface tension changes within the sarcomeres, 
caused by the electric charges on the hydrogen ions as the lactic acid diffuses 
past the walls of the sarcomeres on to the simultaneously liberated neutralizing 
base. It is shown how the shape of the isotonic and isometric twitch curves 
can be deduced from the rate of diffusion of the lactic acid past the walls of the 
sarcomere. 

8. The passive contracture condition that arises during tetanic contrac- 
tion is regared as being due to a temporary adhesion of hydrogen ions to the 
walls of the sarcomeres. 

9. Further evidence is given for the liberation of lactic acid from the one 
excitable membrane and of an unknown base from the other. It is shown how 
the curious behaviour of crab-claw muscle, in which the two excitable mem- 
branes have an independent innervation, finds a simple explanation on the basis 
of this conception. 

10. From the above considerations, I believe, the conclusion is justified 
that, if there occurs within a muscle a liberation of an acid and a base through 
the action, as yet ill-understood, of the excitatory impulse on their precursors, 
then the chain of processes which constitute a muscle twitch must occur, and 
the nature of these events—the shortening and subsequent relaxation, the 
shape of the twitch curve, the accompanying heat output, and, lastly, the 
wonderful capacity which a muscle possesses for automatically regulating its 

’ activity in accordance with its state of shortening, may all be deduced from 

certain well-known chemical and physical laws. 
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It was formerly supposed, and the supposition is still entertained by some 
investigators, that the capacity of proteins to neutralize acids and bases in 
aqueous solution is attributable to their terminal amino or carboxyl groups. 
Assuming the constituent amino-acids of the protein molecule to be combined 
with one another, as they are in the synthetic polypeptides, by the union of the 
amino zroup of each acid with the carboxyl group of the adjacent acid in 
consequence of a series of reactions of the type: 

H.NR,COOH +- HHNR.COOH H.NR,COHNR.COOH + 

it would follow that the chain of amino acid radicals must terminate in a free 
amino group at one extremity and a free carboxyl group at the other. The 
presence of lysyl radicals in the molecule would furthermore permit the 
presenve of an equivalent number of free amino groups in the side-chains, the 
»-amino group remaining uncombined, while the a-amino group binds the 
lvsine radical to the remainder of the molecule. Similarly the dicarboxylic 
acid radicals, namely, Aspartic Acid, Glutamie Acid, and Hydroxy-glutamic 
Acid, offer the possibility of the presence of free carboxyl groups in the side- 
chains. To these, therefore, the neutralizing capacity of proteins was formerly 
attributed. 

Amino groups react with nitrous acid in the following manner: 


RNH, + HNO. = ROH + H2O + Nz 


one molecule of nitrogen being liberated for each amino-group. Employing 
this reaction, Levites (8, 9), Kossel and Gavrilov (7), and Van Slyke and 
Birchard (19), have shown that the actual content of free amino groups in 
proteins is exactly equivalent to the w-amino groups of the lysyl radicals which 
they contain. Proteins such as Zein and Salmin, which contain no lysyl 
radicals, also contain no free amino groups. The content of amino groups in 
proteins is, therefore, very small and, as has been shown elsewhere (14), is 
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totally inadequate to account for the capacity of proteins to neutralize acids. 
Moreover, deaminization by nitrous acid does not deprive proteins of their 
capacity to neutralize acids (2, 5, 12). It has been suggested that proteins 
may contain anomalous amino groups (contained in arginyl radicals) whic): 
do not react with nitrous acid (3), but E. A. Werner has shown that anomalous 
amino-groups have no real existence, and that where their existence has been 
presumed our conceptions of the structure of the compounds in which the) 
have been supposed to occur have been erroneous (22). A considerable pro. 
portion of the capacity of proteins to neutralize acids must therefore be 
attributable to elements of the molecule other than free amino-groups. 

For a variety of reasons, which have been enumerated elsewhere (14). 
the free carboxy] groups in a protein molecule cannot be greatly in excess of 
the free amino-groups, and just as these latter are inadequate to account for 
the capacity of proteins to neutralize acids, so the free carboxyl groups which 
proteins may contain are inadequate to account for their capacity to neutralize 
bases. On the other hand, Osborne and Leavenworth (11) have shown that 
the quantity of cupric hydrate which proteins will hold in solution is exactly 
equivalent to the number of -COHN- groups which may be converted into 
carboxyl and amino groups by subsequent hydrolysis. It is, therefore, clear 
that the combination of proteins with cupric hydrate is achieved by means of 
internal -COHN- groups and not by means of terminal carboxyl groups. 
Similarly, the investigations of Siegfried have shown (16) that the -COHN- 
groups in proteins and peptides are capable of combining with carbonic acid. 
For these and other reasons which have been enumerated at length elsewhere 
(14), the author has suggested that the internal -COHN- groups of the 
molecule accomplish the major part of the neutralization of acids and bases 
by protein. 

The effect of hydrolysis upon the capacity of proteins to bind acids and 
bases has not hitherto been directly investigated. The only observations 

i bearing upon the question are those of Vernon (21), who pointed out that the 
power of various substances to protect trypsin from deterioration in aqueous 
solutions is proportional to their capacity for neutralizing bases. The capacity 
of proteins to protect trypsin being very little inferior to that of their 
digestion-products (albumoses or amino acids), he inferred that the combining 
capacity of proteins for bases is but little enhanced by hydrolysis. Robertson 
and Schmidt (15), and also Alexander (1), have investigated the changes in 
Py which accompany the hydrolysis of proteins by proteolytic enzymes, but 
these determinations throw no light upon the neutralizing capacity of the 
digestion-products as compared with that of the original protein at the same 
hydrogen-ion concentration. 

The »-amino group in lysine has very weak basic properties, in consequence 
of which its salts are liable to extensive hydrolytic dissociation in aqueous 
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solutions (6). Nor is the basicity of this group enhanced by the linkage of 
lvsine with other amino acids in the protein molecule, since its susceptibility 
to oxidation by nitrous acid, which is a measure of its basicity (4), is not 
increased (18). On the other hand, the a-amino groups of amino acids are 
strongly basie and their salts are little subject to hydrolytic dissociation (6). 
llence, if the neutralization of acids by proteins were actually attributable to 
the terminal amino groups which they contain, their capacity to neutralize 
acids should be greatly enhanced by hydrolysis and the ratio: 


Equivalents of acid bound 


Kquivalents of free amino nitrogen 

should rise in consequence of hydrolysis. Similarly, we would expect, after the 
analogy of other dibasic organic acids, to find the salts formed by combination 
of bases with the free carboxyls of dicarboxylic radicals in proteins subject to a 
considerable measure of hydrolytic dissociation, while those formed by the mono- 
carboxylic acids set free in hydrolysis should be much less subject to hydrolytic 
dissociation. Since the carboxyls uncovered by hydrolysis must be equivalent 
to (or slightly in excess of 1!) the amino groups set free, the ratio: 


Equivalents of alkali bound 


Equivalents of free amino nitrogen 


should also increase very greatly after hydrolysis of the protein. 

As a matter of fact, the author has shown that the compounds of casein 
with strong bases are not subject to hydrolytic dissociation because the 
combining-capacity of casein for bases at any given Py is independent of its 
dilution (13). Similarly, Hiteheock has shown (5) that the combining-capacity 
of gelatin for acids at any given Py is independent of its dilution. This 
fact, alone, appears to render impossible the participation of the second 
carboxyl of dicarboxylic acid radicals, or the w-amino group of lysyl radicals, 
in the neutralization of bases and acids by proteins, at all events to any 
important extent at the reactions (Py values) which have hitherto been 
investigated. If, therefore, neutralization of acids and bases is accomplished 
by internal -COHN- groups in the protein molecule, the opening of these 
groups by hydrolysis should either result in no change of the ratios: 


Equivalents of acid or alkali bound 


Equivalents of free amino nitrogen 


or in a decrease of these ratios if the compounds formed with free amino or 
carboxyl groups in the products of hydrolysis chance to be more subject to 


1 On account of the presence of proline and oxyproline radicals, which are united to 
the earboxyls of adjacent acids, not by amino, but by imino groups, which do not react with 
nitrous acid, 
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hydrolytie dissociation than the compounds formed with the unhydrolysec 
protein. The absolute capacity for neutralizing acids and bases might usually 
be expected to increase, because not all of the -COHN- groups in protein 
participate in the neutralization of acids and bases,? and some of these, not 
effective for this purpose in the unhydrolysed protein, might be opened up by 
hydrolysis and become effective. 


The change in the ratios: 


Equivalents of acid or alkali bound 


Equivalents of free amino nitrogen 


consequent upon hydrolysis should, therefore, indicate the predominant method 
of combination of proteins wit! acids and bases. Unaltered or decreased ratios 
would indicate that the unhydrolysed protein binds acids and bases through 
internal -COHN- groups, and since any decrease of the ratios would be due to 
hydrolytic dissociation of the compounds formed with the products of hydro- 
lysis, the ratios should approximate more and more closely to one another, i.e., 
the decrease should be less, the greater the excess of free acid or base in the 
solution, while at reactions close to neutrality the decrease of the ratio should 
be maximal. On the other hand, increased ratios would indicate that the 
unhydrolysed protein binds acids through free amino or carboxyl groups 
contained, respectively, in |ysy! and dicarboxylic acid radicals. 

Casein and gelatin have been investigated from this point of view. The 
casein was prepared from skimmed milk by the method of Van Slyke and 
Baker (20), and was reprecipitated eight times.* Isoelectric gelatin was 
prepared by the method of Loeb and Northrup (10). The concentration of 
- gelatin in solution was ascertained by the estimation of its nitrogen content. 
The trypsin employed was Morson’s, in the proportion of 50 milligrams of 
trypsin per gram of protein. The period of digestion was 19 hours at 39° C. 
The trypsin was not highly active, as the results of the formol-titration show, 
but casein had totally disappeared from the solution at the end of this period of 
digestion, and the products of digestion of both casein and gelatin yielded a 
clear pink biuret reaction, indicating that hydrolysis had proceeded to the 
stage corresponding to the production of peptones. 

The proteins were dissolved in 1 per cent. concentration, the solution of 
the casein being effected by the addition of 8 ce. of tenth normal sodium 
hydroxide per gram of protein. This solution was neutral to phenolphthalein. 
The solution of gelatin was rendered neutral to phenolphthalein by the addition 
of 4 ee. of tenth normal sodium hydroxide per gram of protein. To 100 ce. of 
each solution were added 1 ee. of toluol and 50 milligrammes of trypsin, and the 


2 Otherwise the neutralizing capacity of proteins for acids and bases would be much 
greater than it actually is. 


3 I am indebted to Mr. H, R. Marston for the specimen of casein employed, 
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mixture thoroughly shaken prior to incubation. Similar solutions freshly 
made up and without the addition of trypsin were employed for comparison. 
The formol-titre and neutralizing capacity of the trypsin were separately 
estimated and subtracted from the observed results obtained with the solutions 


which had undergone digestion. 
Three Py values were employed for the comparison, namely Py — 2; 
PH =8-:2; and Py = 10-5. These correspond respectively to the red tint 
of thymol blue, faint pink of phenolphthalein, and faint but decided blue of 
thymolphthalein. Solutions having these Py values were made up, and a 
given proportion (4 » ce. of 0-4 per cent. solution per 10 ce.) of the indicators 
| added. The same proportion of indicator was added to the protein solutions, 
; and acid or alkali added from a burette until the colour matched the standard. 
The uncombined acid (in the thymol blue titration) or alkali (in the 
) thymolphthalein titration) necessary to produce the observed Pq was _ sub- 
tracted from the total amount of acid or alkali added, the residue representing 
; the acid or alkali bound by the protein. é 
, The content of free amino groups in the unhydrolysed and hydrolised = 
[ proteins was determined by Sérenson’s method of formol-titration (17), partly = 
, on account of the simplicity and convenience of the method and partly because a 
; it has never heen quite clear to the author that the strong acetic acid solution | 
employed with the nitrous acid to estimate amino-groups in protein may not Pc 
. uncover amino-groups or induce other modifications in the protein molecule Li 
| which do not represent its condition in solutions which do not depart far from ¢ | 
; neutrality.’ The results yielded by the formol-titration are always a little lower : 
7 than those recorded by Van Slyke and Birchard (19), who employed the nitrous % 
’ acid method of estimation, but as the same method was employed for both ‘ 
i hydrolysed and unhydrolysed protein the results are strictly comparable with 
one another. : 
The following were the results obtained : 
TABLE I. 
, Neutralizing power Neutralizing power Neutralizing power 
Per cent. of Total a a at PH a for Bases at Py=8.2 for Bases at Py=10.5 
free Amino Groups. bound by one ram bound by j 
g ound by one boun y one gram 
of Protein. of Protein. of Protein, : 
Before After Before After Before After Before After 
PROTEIN. hydrolysis. hydrolysis. hydrolysis. hydrolysis. hydrolysis 
Trypsin. Trypsin. Trypsin. 
Gelatin ...... 3°63 14-64 16-3 6-6 8-0 15-0 10°3 32-7 
Casein.. .. .. 2°50 9-05 8-9 23-0 4-0 8-4 a3 23-1 


4 Thus urea yields no amino nitrogen to nitrous acid in faintly acid solutions, but it 
does so in solutions which contain a considerable excess of acid (22). 


CORRECTION. 


In table I on page 35 the words “Gelatin” and “Casein” should 
be transposed. 
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From which the following ratios may be computed: 


TABLE II. 


Ratio oF EQuUIVALENTs OF AcID oR BASE NEUTRALIZED TO EQUIVALENTS OF FREE 
AMINO NITROGEN. 


Gelatin. Casein. 


PH 


Before After Before After 

hydrolysis. hydrolysis. hydrolysis. hydrolysis. 
2-0 2-77 1-98 4-00 0-40 
8-2 1-25 0-72 1-97 0-91 


10-5 1-65 1-99° 


2-53 1-99 


It will be seen that in every instance other than gelatin at the highest-P y 
(10.5) the effect of hydrolysis is to reduce the ratio of the combining capacity 
to the equivalents of amino nitrogen. We must infer, therefore, that with the 
possible exception of gelatin at Py = 10-5 the predominant method of com- 
bination of these proteins with acids and bases is not through ‘ree amino or 
carboxyl groups, but through internal -COHN- groupings. The occurrence 
of ratios in excess of unity also indicates that neutralization is achieved by 
agencies other than free amino or carboxyl groups.° 

It should be especially noted that the combining-capacity of casein for 
acids at Py = 2 is decreased by hydrolysis, not merely relatively to the free 
amino groups, but absolutely. Since the free amino groups had increased 
during hydrolysis nearly 500 per cent., this fact demonstrates most clearly that 
free amino groups do not accomplish the neutralization of acids by casein. 

“On the other hand, those groups which are diminished by hydrolysis are 

—COHN- groups. 


SUMMARY. 


1. The neutralizing capacities of casein and gelatin for acids and bases 
before and after hydrolysis by trypsin have been determined at the 
following Py values: 2, 8-2, and 10-5. 

2. The ratios: 

Equivalents of acid or base neutralized 


Equivalents of free amino nitrogen 
decreased in consequence of hydrolysis in all solutions excepting gelatin 
at PH = 10:5. 


5 Since hydrolysis was incomplete, that is, the proteins were not completely converted 
into amino acids, there were still -COHN- linkages, although fewer of them, present in the 
hydrolysed mixtures. Hence the ratios most greatly in excess of unity approached unity but 
did not ‘always attain it after hydrolysis. 
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It is inferred that the predominant method of union of proteins with acids 
and bases is not through the agency of free amino or carboxyl groups. 
4. The occurrence of ratios in excess of unity leads to the same conclusion. 
5. The combining capacity of casein for acids at Py = 2 is considerably 
reduced by hydrolysis. 
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